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Abstract—Alterations in mass transport patterns of low-
density lipoproteins (LDL) and oxygen are known to cause
atherosclerosis in larger arteries. We hypothesise that the
species transport processes in coronary arteries may be
affected by their physiological motion, a factor which has not
been considered widely in mass transfer studies. Hence, we
numerically simulated the mass transport of LDL and
oxygen in an idealized moving coronary artery model under
both steady and pulsatile ﬂow conditions. A physiological
inlet velocity and a sinusoidal curvature waveform were
speciﬁed as velocity and wall motion boundary conditions.
The results predicted elevation of LDL ﬂux, impaired oxygen
ﬂux and low wall shear stress (WSS) along the inner wall of
curvature, a predilection site for atherosclerosis. The wall
motion induced changes in the velocity and WSS patterns
were only secondary to the pulsatile ﬂow effects. The
temporal variations in ﬂow and WSS due to the ﬂow
pulsation and wall motion did not affect temporal changes in
the species wall ﬂux. However, the wall motion did alter the
time-averaged oxygen and LDL ﬂux in the order of 26% and
12% respectively. Taken together, these results suggest that
the wall motion may play an important role in coronary
arterial transport processes and emphasise the need for
further investigation.
Keywords—Wall motion, Coronary artery motion, Mass
transport, CFD, Coronary atherosclerosis, Wall shear stress,
LDL transport, Oxygen transport.
INTRODUCTION
The formation of an atherosclerotic plaque is
dependent upon a range of factors including local
variations in haemodynamics, the transport of chemi-
cal species and cells from the blood to the arterial wall
and their accumulation within the arterial wall.
3,21,38
The local susceptibility of coronary arteries to ath-
erosclerosis has been putatively linked to the physio-
logical motion arising out of their anatomical
attachment to the epicardial surface of the beating
heart.
7,8Coronary arteries exhibit highly complex wall
motion patterns such as bending, stretching, twisting,
vessel torsion and vessel displacement due to the car-
diac and respiratory motion of the heart.
7,22 Despite
their seemingly important role, to date, only a handful
of studies have looked at the effects of wall motion on
atherogenesis.
Early studies investigated the axial and lateral
movement of a straight tube model of the coronary
arteries and showed that the wall shear stress (WSS)
patterns were signiﬁcantly aﬀected by the axial move-
ment and not so by the lateral movement.
4,23Other
studies examined the effects of time dependent curva-
ture on the ﬂow ﬁeld and demonstrated that the ﬂow
patterns were affected by the wall motion due to
instantaneous changes in curvature and that the WSS
patterns were strongly dependent on the frequency of
curvature variation.
18,24,32,33Another study considered
the cyclic ﬂexion of coronary arteries and reported that
the plaque advancement was proportional to the ﬂex-
ion angle.
37
More recently, studies have concluded that the
dynamic curvature eﬀects could play an important role
in the ﬂow and WSS patterns in curved and in bifur-
cating arteries.
28,40,41Nevertheless, these studies
reported that the temporal WSS variations produced
by the wall motion was only secondary to that caused
by the pulsatility of blood ﬂow.
28,41So far studies have
only paid attention to the haemodynamic effects of
wall motion. However, it has now come to light that
the transport of atherogenic macromolecules such as
LDL and solutes such as oxygen from the blood to the
arterial wall play an important role in atherogenesis.
38
Interestingly, with the exception of a single study, no
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1820other past study has investigated the effects of species
transport to the moving walls of coronary arteries.
17
Even in that study only the effects of diameter varia-
tion (<6% of mean diameter) on oxygen transport was
considered.
Hence, the aim of our work was to determine the
eﬀects of wall motion on mass transport patterns in
coronary arteries with physiological ﬂow. For our
investigation, we chose a geometric model of the left
anterior descending coronary artery (LAD) because of
its high predilection to atherosclerosis among the major
coronary arteries.
12 Computer aided design (CAD)
models of the LAD were employed in this study as
opposed to realistic geometries to simplify the com-
plexity of the problem deﬁnition, solution and analysis
of results so as to gain a fundamental understanding of
the haemodynamic effects of wall motion in coronary
arteries. The species of interest in this study were low-
density lipoprotein (LDL) and oxygen.
METHODS
Computational Model
A 3-D computational model of the LAD (Fig. 1)
was constructed based on the average LAD dimensions
(diameter (d) = 0.36 cm and mean radius of curvature
(Rmean) = 4 cm),
9,15,16using the CFD pre-processor
Gambit (v2.0.4 – Fluent Inc., Lebanon, NH). The total
length (l) of the LAD considered in this study was
4.68 cm which was equivalent to 13 tube diameters. In
order to make the simulation as simple as possible, the
model was assumed to be rigid with a circular cross
section of constant radius and a constant uniplanar
curvature over its entire length at any instant in time.
An unstructured grid composed of hexahedral mesh
elements with a thin boundary layer was generated
using the Cooper meshing scheme
2 with strict adher-
ence to mesh quality metrics.
Blood Flow Boundary Conditions
The ﬂow boundary conditions controlling the model
included no slip at the tube wall, velocity inlet at the
inlet, symmetry condition at the plane of symmetry
and a traction free outﬂow condition. The LAD inlet
velocity proﬁle was assumed to be parabolic. A pul-
satile physiological LAD inlet velocity waveform
(Fig. 2) derived from a previous publication by Marcus
et al.
22 was applied at the inlet boundary through a
user deﬁned function. The time-averaged mean veloc-
ity (m), mean ﬂow rate (qo) Reynolds number (Re) and
Dean number (j) corresponding to this ﬂow waveform
were 9.715 cm/s, 0.99 ml/s, 105 and 22.3. The Dean
number is deﬁned as below
j ¼
d
2R
 1=2
Re ð1Þ
The Womersley parameter (a) of the ﬂow was 2.78
and the period of a cardiac cycle (T) was 0.8 s. Blood
was considered to be an incompressible, homogeneous,
Newtonian ﬂuid with a viscosity (l) of 0.0035 Pa s and
a density (q) of 1050 kg/m
3. Past arterial ﬂow dynamic
studies have shown that these assumptions are rea-
sonable enough to use in haemodynamic studies.
16,29
Wall Motion Boundary Conditions
The wall motion boundary condition used in this
study was based on the model presented by Santama-
rina et al.
32 The main components of coronary artery
motion are solid body motion and deformation. The
deformation parameter ( ) was calculated as below
FIGURE 1. A schematic model of the left anterior descend-
ing coronary artery (LAD).
-0.2
0.3
0.8
1.3
1.8
0 0.2 0.4 0.6 0.8
Time (s)
F
l
o
w
 
r
a
t
e
 
(
m
l
/
s
)
0.1
0.2
0.3
0.4
0.5
0.6
0.7
C
u
r
v
a
t
u
r
e
 
(
c
m
-
1
)
flow rate
curvature
FIGURE 2. The LAD inlet ﬂow and curvature waveform.
Species Transport in Moving Coronary Arteries 1821e ¼
Rmax   Rmin ðÞ
2Rmean
ð2Þ
where R is the radius of curvature of the LAD. The
present study used a deformation parameter of 0.6
which falls within the physiological range of LAD
deformations.
15 A sinusoidal function as given below
was used to specify the time dependent variation of
curvature of the LAD (Fig. 2)
Rt ðÞ¼Rmean 1 þ e   cosðxtÞ ½  ð 3Þ
where x is the angular frequency of deformation. A
user-deﬁned function was written to apply this curva-
ture waveform as a grid motion boundary condition.
The tube inlet was ﬁxed constant in the simulations at
all times. This allowed the centre of curvature to vary
sinusoidally in a cardiac cycle.
Mass Transfer Boundary Conditions
The mass transport of species in the arterial lumen is
mathematically described using the three dimensional
convection-diﬀusion equation
@C
@t
þ u  r C ¼  Dr2C ð4Þ
where C is the concentration of species, u is the velocity
vector and D is the diffusivity of species in the blood.
In this study, the transport of LDL and oxygen
from the blood to the endothelium (ﬂuid phase), and
across the endothelium (transendothelial) were mod-
elled. The ﬂuid phase transport of both LDL and
oxygen takes place via convection and diﬀusion.
However, the transendothelial transport of LDL and
oxygen are governed by diﬀerent mechanisms due to
their relative size and the endothelial function. The
semi permeable endothelial membrane, acts as a bar-
rier for the entry of macromolecules such as LDL into
the arterial wall, but allows blood plasma and small
solutes such as oxygen to pass through it.
10 This is re-
ﬂected in the permeability of LDL (K =2 10
)8cm/s)
which is ﬁve orders of magnitude smaller than that
of oxygen (K =2 10
)03cm/s).
36 This indicates the
need for modelling LDL and oxygen transport differ-
ently through appropriate mass transport boundary
conditions.
LDL transport was modelled as a concentration
polarisation eﬀect, a phenomenon which has been
demonstrated to occur in large and medium sized
arteries.
5,11,39Concentration polarisation is the accu-
mulation and elevation of endothelial surface concen-
tration of LDL due to plasma ﬁltration through the
semi permeable endothelium. LDL mass transport
boundary conditions applied in this study were uniform
inlet concentration, Co (=1.2 mg/ml of blood),
36 a zero
gradient in concentration at the outlet and mass con-
servation of LDL at the luminal surface of the endo-
thelium
39 described as
VwCw   D
@C
@n
   
wall
¼ KCw at the wall ð5Þ
where Vw is the plasma ﬁltration velocity normal to the
wall (=4 10
)6cm/s),
36 Cw is the endothelial surface
concentration of LDL, n is the unit vector normal to
the vessel wall, D is the physiological LDL diffusivity
(=5 10
)8cm
2/s)
39 and K is the overall mass transfer
coefﬁcient of LDL which was considered equivalent to
the physiological endothelial permeability of LDL.
Equation (5) was rearranged as below to implement a
wall reaction boundary condition in the CFD solver.
 D
@C
@n
   
wall
¼ð K   VwÞCw ð6Þ
In this study, oxygen transport was modelled by
applying a passive transport law for oxygen ﬂux at the
wall.
31 It is known from previous estimates that the
diffusion velocity of oxygen is orders of magnitude
greater than the ﬁltration velocity.
1 Hence, the ﬂux of
oxygen to the wall is essentially the diffusive ﬂux. To
satisfy ﬂux continuity at the wall the diffusive ﬂux of
oxygen to the wall should be equal to the wall ﬂux of
oxygen which can be modelled with a constant per-
meability wall boundary condition.
31 Oxygen mass
transport boundary conditions employed in this study
were uniform inlet oxygen mass fraction (=0.005),
20 a
zero gradient in outlet concentration and a constant
permeability wall boundary condition
31 which is given
as
 D
@C
@n
   
wall
¼ KCw ð7Þ
where the oxygen diﬀusivity was 1 10
)5cm
2/s
1.
Numerical Method
The commercial CFD solver Fluent (v6.1.22 – Flu-
ent Inc., Lebanon, NH) was used to simulate species
transport in the moving LAD model. Fluent uses a
ﬁnite volume technique to solve the three-dimensional
(3-D) unsteady equations of momentum, mass and
species conservation. QUICK scheme was employed to
solve the ﬂow and species transport equations. The
time discretization and pressure–velocity coupling were
achieved through second order time implicit, and PISO
schemes respectively. The dynamic mesh model feature
of the Fluent was used to implement the deformation
of the model according to Eq. (3). The dynamic mesh
KOLANDAVEL et al. 1822model uses an arbitrary Lagrangian–Eulerian ap-
proach to move the mesh nodes. At each time step, the
volume mesh is updated automatically by the solver
based on the new co-ordinates of the boundary zones
that were calculated by the user-deﬁned function. At
the beginning of each simulation, the radius of curva-
ture of the model was at its maximum (=6.4 cm). At
t = 0.2 s and 0.6 s the radius of curvature of the model
was equivalent to its mean value.
Modelling Approach
To separate the eﬀects of blood ﬂow pulsatility and
wall motion on mass transport patterns in coronary
arteries so as to determine their relative importance, we
undertook the following four diﬀerent numerical sim-
ulations:
Case 1: Steady ﬂow inlet (qo = 0.99 ml/s) in the static
geometry with the mean radius of curvature
(R = 4 cm).
Case 2: Pulsatile ﬂow inlet in the static geometry with
the mean radius of curvature (R = 4 cm), to isolate
the haemodynamics effects of ﬂow pulsatility.
Case 3: Steady ﬂow inlet (qo = 0.99 ml/s) with
dynamic geometry, to isolate the haemodynamics
effects of wall motion.
Case 4: Pulsatile ﬂow inlet with dynamic geometry, to
study the combined effects of pulsatility and wall
motion.
Model Validation
The computational method was validated by simu-
lating Santamarina et al.s
32 coronary artery motion
study in a curved model of exactly similar dimensions
under identical ﬂow and wall motion conditions. The
ﬂow and wall shear stress (WSS) patterns agreed well
with that of Santamarina et als study and the maxi-
mum difference in the wall shear rate was less than 2%.
The mesh and time step independence of the solutions
were investigated by successively reﬁning the grid and
the time step size by a factor of two. Computational
solutions obtained with three different mesh densities
(80,310, 156,861 and 310,464 nodes) and time step sizes
(0.025 s, 0.0125 s and 0.00625 s) were then compared
against each other (Fig. 3). Mesh and time step inde-
pendence were considered to have been achieved when
the maximum difference between the time-averaged
normalised outer and inner wall ﬂux of LDL (Cw/Co)
between the successive simulations was less than 2% at
any axial location. The outer and inner walls were
deﬁned as the wall regions farthest and shortest from
the centre of curvature to represent epicardial and
myocardial surface of the curved coronary arteries.
This study was only carried out for LDL transport in
the dynamic model with pulsatile ﬂow because this was
the computationally most challenging problem
(Schmidt number, l/qD = 6.7 10
5 & Peclet number,
dv/D =7 10
7) encountered in this study. Based on
these criteria, a mesh containing 156,861 nodes with a
time step size of 0.0125 s was chosen as the optimum
case for simulation.
RESULTS
Numerical simulations of oxygen and LDL trans-
port in a 3-D curved tube model of the LAD were
carried out under physiological ﬂow and mass trans-
port conditions. The computational solutions con-
cerned the prediction of ﬂow, WSS and mass transport
patterns. The results will be presented only for the ﬁrst
10 diameters length as this length is more relevant to
realistic coronary ﬂow situation as discussed else-
where.
32
Velocity Patterns
The temporal velocity magnitude (coloured contour
plots) and secondary ﬂow patterns (vector plots) in the
static and dynamic models of the LAD are shown in
Fig. 4. The fundamental ﬂow patterns in a curved tube
ﬂow situation with a characteristic velocity skewing
towards the outer wall of bend and the formation of
Dean vortices were clearly seen in all the models
(Fig. 4). Although both the pulsatility (Fig. 4b) and
wall motion (Fig. 4c) produced time dependent veloc-
ity skewing, the ﬂow pulsation had a greater effect on
velocity skewing than did wall motion. The secondary
ﬂow was also affected by both the pulsatility and wall
motion (Fig. 4e and f). However, the wall motion
induced time dependent curvature (Fig. 4f) seemed to
have a major inﬂuence on the secondary ﬂow patterns.
Adding the dynamic motion to the pulsatile ﬂow
reduced skewing over the entire cycle (Fig. 4d).
Moreover, this combination led to a reduction in
secondary ﬂow when the time dependent vessel
curvature was small and vice versa during the peak
curvature phases (Fig. 4g). In general, both the veloc-
ity skewing and secondary ﬂow increased with increase
in curvature and the ﬂow rate (Fig. 4).
WSS Patterns
The eﬀects of pulsatility and wall motion on the
instantaneous WSS distribution in a cardiac cycle at
two axial locations (5D & 9D) are plotted in Fig. 5. The
effect of motion in steady ﬂow at the outer wall was to
Species Transport in Moving Coronary Arteries 1823increase the WSS when the curvature was maximum.
Along the inner wall the opposite effects were seen with
a drop in the WSS at the maximum curvature. The wall
motion also produced asymmetric WSS distribution
over time in the steady ﬂow dynamic model despite the
imposed symmetric wall motion curve.
The pulsatility of blood ﬂow caused time varying
WSS distribution along the outer and inner walls. The
WSS increased with the pulsatile ﬂow rate and overall
this increase was greater along the outer wall. Hence
peak WSS was noted along the outer wall at maximum
ﬂow rate. Together, wall motion and ﬂow pulsatility
produced instantaneous variations in the outer and
inner WSS which were somewhat similar to the WSS
distribution in the pulsatile ﬂow static model.
Although the gross distribution of WSS primarily
followed the ﬂow rate curve, the dynamic curvature
eﬀects were evident in the central section where the
location and magnitude of peak WSS were diﬀerent
from that of the pulsatile ﬂow static model.
The time-averaged axial WSS distribution at the
outer and inner walls in all the models is shown in
Fig. 6. In general, the spatial dependence of time
averaged WSS was evident in all the models. In the
steady ﬂow static model the outer WSS increased to a
peak and thereafter was found to decrease very grad-
ually. In contrast, the inner WSS decreased to a min-
imum and was thereafter found to increase slowly. In
comparison, the ﬂow pulsatility caused a big increase
in the outer WSS in the pulsatile ﬂow static model.
However, the wall motion only produced a little
change in the outer WSS in the steady ﬂow dynamic
model.
The combined eﬀects of wall motion and pulsatility
caused an increase in the outer WSS up to its peak
value and a subsequent decrease in the WSS in com-
parison with that of the pulsatile ﬂow static model, and
an overall increase in the outer WSS when compared
to the steady ﬂow models. Along the inner wall the
ﬂow pulsatility and the wall motion produced con-
trasting eﬀects whereby the former decreased the WSS
and the later increased the WSS. Due to this opposing
eﬀect of wall motion and ﬂow pulsatility their combi-
nation had only caused smaller variations in the WSS
distribution.
Oxygen Transport
The time dependent non-dimensional oxygen wall
ﬂux (KCw/KCo) distribution at 5D and 9D is presented
in Fig. 7. The oxygen wall ﬂux did not vary appre-
ciably over time in a cardiac cycle. At any instance the
outer wall oxygen ﬂux was higher than that at the inner
wall. These patterns were similar in all the models
studied. When compared to the oxygen wall ﬂux in the
steady ﬂow static model, pulsatility caused a reduction
and wall motion an increase in the oxygen wall ﬂux
along the inner wall. Along the outer wall the effects of
pulsatility and wall motion were opposite to this. In
total, the net effect of pulsatility and wall motion was
an increase in oxygen ﬂux at the inner wall and
decrease at the outer wall when compared to the steady
FIGURE 3. Comparison of the time-averaged normalised LDL wall ﬂux predicted with three different meshes and time step sizes
to demonstrate mesh (top panel) and time step (bottom panel) independence of the computational solutions.
KOLANDAVEL et al. 1824ﬂow static model. This effect was more prominent in
the distal region (Fig. 7c and d).
Thetime-averagednon-dimensional oxygenwallﬂux
to the outer and inner walls of all the four models are
shown in Fig. 8. The overall effects of pulsatility and
wall motion were similar to that predicted with the time
dependent oxygen wall ﬂux distribution. The effect of
ﬂow pulsation was to decrease the oxygen ﬂux to the
inner wall. In contrast, the wall motion contributed to
an increase in oxygen ﬂux in the distal region of the
FIGURE 4. Temporal axial and secondary ﬂow patterns in a plane located at 9 diameters from the inlet in the (a) steady ﬂow static
model(R = 4 cm,qo = 0.99 ml/s),(bande)pulsatileﬂowstaticmodel(R = 4 cm),(candf)steadyﬂowdynamicmodel(qo = 0.99 ml/s),
and (d and g) pulsatile ﬂow dynamic model. The outer and inner walls are located at the top right corner and top left corner of
individual ﬁgures respectively.
Species Transport in Moving Coronary Arteries 1825inner wall. Hence the combined effects of wall motion
and ﬂow pulsatility were to decrease oxygen ﬂux in the
proximalandmedialregionsoftheinnerwallandavery
gradual increase distally.
Along the outer wall after an initial sharp drop the
ﬂow pulsation caused a gradual increase and then a
gradual decrease in the oxygen ﬂux. The wall motion
produced a net reduction in the oxygen ﬂux to the
outer wall from the inlet. When both the wall motion
and ﬂow pulsatility were included the oxygen ﬂux
decreased sharply closer to the inlet followed by a
gradual increase in the medial region and a gradual
decrease thereafter. Nevertheless, in all the models the
time-averaged outer wall oxygen ﬂux was more than
that to the inner wall.
LDL Transport
The time dependent non-dimensional LDL wall ﬂux
(KCw/KCo) distribution at 5D and 9D is plotted in
Fig. 9. Like oxygen wall ﬂux the LDL wall ﬂux did not
exhibit notable variations over time. The ﬂow pulsa-
tility caused an increase in LDL ﬂux to the inner wall
and a decrease in LDL ﬂux to the outer wall when
compared to the LDL ﬂux distribution in the steady
ﬂow static model. In contrast, the wall motion induced
FIGURE 5. Temporal axial inner and outer WSS distribution at 5 diameters (top panel) and 9 diameters (bottom panel) from the
LAD inlet.
FIGURE 6. Time-averaged axial WSS distribution along the
inner and outer walls of the LAD.
KOLANDAVEL et al. 1826LDL wall ﬂux was lower along the inner wall. How-
ever, along the outer wall it produced a differential
distribution whereby the LDL wall ﬂux was lower than
that in the steady ﬂow static model at 5D and vice
versa at 9D (Fig. 9c and d). At 9D the outer wall LDL
ﬂux was greater than that along the inner wall. Also
the outer wall ﬂux in the steady ﬂow dynamic model
was higher than that in the pulsatile ﬂow static model.
Hence the net effect of wall motion and pulsatility
produced LDL wall ﬂux distribution in the pulsatile
ﬂow dynamic model such that it was between the range
of LDL wall ﬂuxes caused by the pulsatility and wall
motion separately.
The time-averaged non-dimensional LDL wall ﬂux
to the outer and inner walls of all the four models are
shown in Fig. 10. In all the models the time-averaged
LDL wall ﬂux distribution was seen to vary appreciably
withrespecttotheaxialdistancefromtheinlet.Theﬂow
pulsatility caused an increase and decrease in the ﬂux
along the inner and outer walls respectively when
compared to the steady ﬂow static model. In contrary,
the wall motion caused a reduction in the inner wall
LDL ﬂux when compared to that of the steady ﬂow
static model. Whereas the outer wall LDL ﬂux was
lower and higher than that in the steady ﬂow static
model in the medial and distal regions respectively. The
combined effects of pulsatility and wall motion led to a
FIGURE 7. Temporal normalised oxygen ﬂux to the inner and outer walls at 5 diameters (top panel) and 9 diameters (bottom
panel) from the LAD inlet.
FIGURE 8. Time-averaged normalised oxygen wall ﬂux dis-
tribution along the inner and outer walls of the LAD.
Species Transport in Moving Coronary Arteries 1827substantial increase in the outer wall LDL ﬂux in the
distal regions. In the proximal and medial regions the
outer wall LDL ﬂux was lower than that to the inner
wall. However, the inner wall LDL ﬂux increased to a
maximumandwasthenseentodropofftoavaluelower
than that along the outer wall in the distal part.
DISCUSSION
To determine the eﬀects of wall motion, a factor
which has received less attention in the previous mass
transport studies in coronary arteries, mass transport
patterns were computed in an idealised moving model
of the LAD. In this study, LDL and oxygen transport
were simulated because of their important role in
atherogenesis. The ﬂow patterns reported in the cur-
rent study (Fig. 4) qualitatively agree with the ﬁndings
of past experimental and computational studies in that
they all demonstrate a general trend of velocity skew-
ing towards the outer wall of curvature and the
appearance of in-plane secondary ﬂow.
16,27,29,32The
centripetal acceleration of the ﬂuid due to the arterial
curvature was primarily responsible for these ﬂow
patterns (Fig. 4a). This basic ﬂow feature was further
altered by the ﬂow pulsatility (Fig. 4b and e) and the
dynamic curvature (Fig. 4c and f). Their relative role
FIGURE 9. Temporal normalised LDL ﬂux to the inner and outer walls at 5 diameters (top panel) and 9 diameters (bottom panel)
from the LAD inlet.
FIGURE 10. Time-averaged normalised LDL ﬂux distribution
along the inner and outer walls of the LAD.
KOLANDAVEL et al. 1828on secondary ﬂow can be characterised using the non-
dimensional Dean number (j).
From the deﬁnition of the Dean number (Eq. 1), it is
clear that higher the ﬂow rate or smaller the radius of
curvature the stronger the Dean vortices will be. This
was evident in the ﬁgures as the magnitude of skewing
and the strength of Dean vortices increased with
increasing ﬂow rate and curvature and were maximum
at maximum ﬂow rate in the pulsatile ﬂow static model
and at maximum curvature in the steady ﬂow dynamic
model. Therefore, the combination of ﬂow pulsatility
and wall motion were responsible for the appearance
of time dependent ﬂow patterns in the pulsatile ﬂow
dynamic model (Fig. 4d and g). The ﬂow patterns seen
in this study are qualitatively similar to that of San-
tamarina et als work which considered the effects of
dynamic curvature.
32
The ﬂow patterns at t = 0.2 s and 0.6 s in the
steady ﬂow dynamic model where the time dependent
curvature was equal to the mean curvature appeared to
be different from that in the steady ﬂow static model
(Fig. 4c and f). This suggests that a quasi-static model
cannot predict the ﬂow patterns accurately and that
the dynamic wall motion could be as important as the
instantaneous geometry. Similar ﬁndings were
reported by Ethier et al. who compared the ﬂow pat-
terns in frozen geometries and in a moving model of
the right coronary artery segment.
41
The WSS patterns calculated in the pulsatile ﬂow
static models are similar to those reported by other
studies on coronary artery ﬂow.
16,27,29Since the WSS is
directlyproportionaltothegradientofvelocitytheWSS
patterns followed the trends of velocity distribution.
The velocity skewing towards the outer wall subjected
the outer and inner walls to higher and lower WSS
respectively except up to a distance of 1D where the
entrance effects were dominant (Fig. 6). The instanta-
neous and mean WSS distribution in the pulsatile ﬂow
dynamic model closely followed that of the pulsatile
ﬂow static model except in the central section where the
curvaturewashigh.Theseresultssuggestthattheeffects
of wall motion on temporal WSS patterns are only
secondary to the pulsatile ﬂow effects and agree well
with the ﬁndings of other dynamic model studies.
28,41
Concentration polarisation of LDL has been dem-
onstrated to occur in large arteries by several past
experimental and numerical studies.
5,11,39The build-up
of LDL concentration at the apical surface of the
endothelium due to concentration polarisation could
increasetheinﬂuxofLDLintothearterialwall.
5,35This,
in turn, could initiate a sequence of biological and bio-
physical events that are associated with atherogene-
sis.
5,25 Therefore, LDL transport was modelled as a
concentration polarisation effect and the results were
presented as normalised LDL wall ﬂux (KCw/KCo).
The present study also considered oxygen transport
because hypoxia or low oxygen tension in the arterial
wall has long been considered to be a factor respon-
sible for atherogenesis.
1,17It induces endothelial cell
apoptosis, causes breakdown of endothelial barrier
and forms interendothelial gaps which may cause lipid
inﬁltration into the arterial wall. Recent evidences
suggest that hypoxia may also increase vascular per-
meability to macromolecules by up regulating vascular
endothelial growth factor (VEGF) release by vascular
cells.
38 Hence oxygen transport was modelled with a
passive transport law for oxygen ﬂux at the wall.
31 To
describe oxygen transport patterns normalised oxygen
wall ﬂux (KCw/KCo) was calculated.
In general, the mass transport patterns were similar
in all the models. The establishment of low velocity,
low WSS regions along the inner wall due to reasons
discussed earlier led to an overall elevation of LDL
ﬂux and a reduction in oxygen ﬂux to the inner wall. In
contrast, high axial ﬂow and high WSS along the outer
wall due to axial velocity skewing caused a reduction in
LDL ﬂux and an increase in oxygen ﬂux to the outer
wall. The higher the WSS the higher the convection
and the convective transport of oxygen. Hence the
oxygen ﬂux to the outer wall was more than that to the
inner wall. The opposite eﬀects were noted for LDL
transport because the degree of concentration polari-
sation is reduced where high ﬂow and high WSS pre-
vail.
39 As a result, the LDL accumulation was
generally lower along the outer wall and higher along
the inner wall. The diffusive transport of LDL and
oxygen however, had minor inﬂuence on their trans-
port. This was especially true because of their constant
low diffusion coefﬁcients. These results qualitatively
agree with mass transport studies in curved arterial
transport models.
17,17,39
Despite the large time dependent variations in the
blood ﬂow and WSS patterns, the ﬂow pulsation only
had a minimal eﬀect on oxygen (Fig. 7) and LDL
(Fig. 9) transport to the arterial wall. Consequently,
the time-averaged oxygen and LDL wall ﬂuxes (Figs. 8
and 10) in the static pulsatile ﬂow model were only
slightly different from their instantaneous values. This
less signiﬁcant pulsatile effects on time-averaged mass
transport patterns have also been reported by other
studies.
11,19,34
Schneiderman et al.
34 simulated oxygen transfer in
straight arterial segments and concluded that the pul-
satile ﬂow has negligible effect on oxygen transport to
the wall. Ma et al.
19 studied the effect of pulsatility on
mass transfer in a sudden expansion region and
reported that the time-averaged pulsatile mass transfer
patterns were similar to the steady ﬂow mass transfer
patterns. Fatouraee et al.
11 simulated LDL concen-
tration polarisation in a straight tube model of a
Species Transport in Moving Coronary Arteries 1829carotid artery under pulsatile ﬂow conditions. The
variation of LDL wall concentration in their study was
less than 0.014%.
Time dependent variations in mass transport
patterns were also not present in the dynamic models
(Figs. 7 and 9). As a result, the magnitude of time-
averaged oxygen and LDL wall ﬂuxes were only slightly
different from their corresponding time dependent ﬂux
values (Figs. 8 and 10). Although the wall motion did
not signiﬁcantly affect the temporal mass transfer
patternsinthedynamicmodels,anoverallchangeinthe
mass transfer patterns was evident (Figs. 7 and 9). This
change was also reﬂected in the time-averaged mass
transfer patterns in the dynamic models (Figs. 8 and
10). The percentage change in time-averaged oxygen
wall ﬂux and LDL wall ﬂux along the inner and outer
walls between the static and dynamic models under
both pulsatile and steady ﬂow conditions was in the
order of 26% and 12% respectively.
The fact that the pulsatility did not alter mass
transfer patterns and that there were variations in mass
transport patterns in the dynamic models suggest that
the wall motion may indeed be important in deter-
mining the time-averaged mass transport patterns in
the dynamic models. These variations were not sig-
niﬁcant in the proximal regions of the LAD model.
However, considerable changes in the mass transport
patterns were present in the medial and distal regions
of the LAD (Figs. 8 and 10). This regional difference
occurred due to the speciﬁcation of ﬁxed inlet bound-
ary condition. Although this is an effect of the ﬁxed
inlet boundary condition these results once again
indicate that strong motion of the coronary arteries
could have a signiﬁcant impact on the luminal mass
transport patterns.
The species transport however, does not entirely
depend on the WSS distribution. Karino et al drew a
scatter plot to establish a relationship between the
WSS and LDL surface concentration.
39 The scatter in
their data suggests that the species transport is also
inﬂuenced by global ﬂow patterns, path line of ﬂuid
ﬂow, spatial location and residence time of LDL at a
site. This was also found in the present study which
noticed different values of LDL and oxygen wall ﬂux
for the same WSS value along the outer and inner walls
(Figs. 6, 8 and 10).
The inner walls of a curved artery where low WSS
prevails is known to be a predilection site for athero-
sclerosis.
14,21 LDL and oxygen transport studies have
reported impaired oxygen ﬂux and enhanced LDL
accumulation in the low shear regions.
5,17,17,39Similar
to these ﬁndings the present study also predicted
co-localisation of low WSS regions, high LDL ﬂux
regions and hypoxic regions along the inner wall of
curvature (Figs. 6 and 10) in both the static and
dynamic models. Hence our results suggest that even
when the wall motion is considered the susceptibility
of inner wall regions of the curved arteries to athero-
sclerosis is maintained.
Back et al.
1 investigated the relationship between
oxygen transport and lipoprotein accumulation in
various arterial conﬁgurations. They noticed a corre-
spondence between oxygen deprivation (hypoxia) and
enhanced lipoprotein accumulation in decelerated ﬂow
regions and separation locations and concluded that
the oxygen transport behaves in an opposite way to
lipoprotein accumulation. This contrasting behaviour
of oxygen and LDL transport was also noticed in our
present study. It would be interesting to study the
indirect effects of hypoxia on LDL transport through
pathways involving enhancement of endothelial per-
meability for macromolecules.
38
The present study assumed a constant endothelial
permeability of oxygen and LDL which, in reality, is
spatially variable and is dependent on the concentra-
tion of species at the arterial wall surface and the
WSS.
26,36Pulsatile variations in the WSS has been
shown to alter the morphology of endothelial cells,
increase macromolecular permeability to LDL, pro-
mote transendothelial diffusion and intimal entrap-
ment of atherogenic particles and enhance oxygen wall
ﬂux.
13,21Therefore, it is possible that the temporal
variations in WSS caused both by the pulsatility of
blood ﬂow and wall motion may have an effect on
LDL and oxygen transport if shear dependent varia-
tions in physiological parameters including the endo-
thelial permeability are considered in mass transport
studies. So far their effects on species transport have
only been considered in static models
30,36and it
remains to be investigated how these factors would
inﬂuence mass transport in moving arteries. This will
be the subject of our future study.
The limitations of this study centre on the assump-
tions that were made in the construction of computa-
tional models which include idealized geometry, wall
motion, and biophysical factors governing LDL and
oxygen transport. An idealised, uniformly curved
model without complex geometric features such as
tortuosity, twisting and non-uniform cross sections was
used. Inclusion of these geometric features would be
expected to create local regions of ﬂow acceleration,
deceleration, separation, recirculation and secondary
motion
1,27 which may exacerbate or reduce the effects
of wall motion on haemodynamics and species trans-
port. While we accept that the neglect of complex
geometry may introduce some simpliﬁcations in the
results it should be recognised that the geometric sim-
pliﬁcation enabled us to isolate the effects of geometry
and to concentrate on the role of wall motion on species
transport.
KOLANDAVEL et al. 1830The results predicted in this study are speciﬁc to the
ﬂow and wall motion used in our model and therefore
would be expected to change if a diﬀerent ﬂow or wall
motion were imposed. For instance, if the ﬂow and
wall motion were more out of phase it may be expected
that this would reduce the instantaneous Dean number
and therefore one might expect the impact of the
dynamic wall motion to be decreased from what was
predicted. Although the wall motion eﬀects were sec-
ondary to the pulsatile ﬂow eﬀects this does not mean
that the wall motion is unimportant. Given the con-
siderable variability in coronary artery motion,
geometry and ﬂow patterns in vivo there may be
instances where wall motion could play a more sig-
niﬁcant role and therefore its eﬀects should be con-
sidered on a case by case basis.
Our study assumed that the non-Newtonian eﬀects
caused by the presence of red blood cells are negligible
and therefore used constant diﬀusivities for LDL and
oxygen. However, the eﬀective diﬀusivity of a species
changes due to the shear induced microscopic motion
of red blood cells.
6 In regions of high WSS, the effec-
tive diffusivities of LDL and oxygen would increase.
This would in turn enhance oxygen wall ﬂux but
reduce LDL wall ﬂux due to LDL concentration
polarisation. Therefore, the magnitude of LDL and
oxygen wall ﬂuxes predicted in our study would be
expected to change but the general patterns of ﬂux will
remain the same.
CONCLUSION
In this study, we have incorporated the eﬀects of
idealised motion into a simulation of oxygen and LDL
transport in the LAD. The LDL and oxygen transport
were modelled diﬀerently due to their diﬀerences in
in-vivo transport mechanisms. We carried out simu-
lations under both the steady and pulsatile ﬂow
conditions in the static and dynamic models to quan-
tify the relative importance of pulsatility and wall
motion on mass transport patterns. This study showed
that the eﬀects of wall motion on mass transport in the
coronary arteries could be modelled in the commercial
CFD code Fluent.
Our results predicted elevation of LDL ﬂux, im-
paired oxygen ﬂux and low wall shear stress (WSS)
along the inner wall of curvature, a region known for
its predilection to atherosclerosis. The temporal vari-
ations in velocity and WSS patterns in the dynamic
model did not inﬂuence time dependent mass transport
and were only secondary to the pulsatile ﬂow eﬀects.
However, wall motion may inﬂuence mass transport if
shear dependent variations in species permeability
and other factors are considered in the calculations.
Nevertheless, the wall motion did alter the time-aver-
aged mass transfer in the medial and distal regions in
the order of 26% and 12% for oxygen and LDL
transport when compared to the corresponding static
models. Taken together, these results suggest that wall
motion may play an important role in coronary arte-
rial transport processes. However, future studies on
more physiologic models are warranted to gain a
fundamental understanding of the role of wall motion
on mass transport and atherosclerosis.
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